Abstract Aims/hypothesis: Patients with diabetes mellitus are well known to be at high risk for vascular disease. Circulating endothelial cells (CECs) have been reported to be an ex vivo indicator of vascular injury. We investigated the presence of CECs in the peripheral blood of 25 patients with diabetes mellitus and in nine nondiabetic control donors. Methods: Endothelial cells were isolated from peripheral blood with anti-CD-146-coated immunomagnetic Dynabeads, and were stained with acridine orange dye and counted by fluorescence microscopy. The cells were also stained for von Willebrand factor and Ulex europaeus lectin 1. Results: Patients with diabetes mellitus had an elevated number of CECs (mean 69±30 cells/ml, range 35-126) compared with healthy controls (mean 10±5 cells/ml, range 3-18) (p<0.001). The increase in CECs did not correlate with the levels of HbA 1 c. Circulating endothelial cell numbers were elevated regardless of glucose levels, suggesting that, even with control of glucose levels, there is increased endothelial cell sloughing. Conclusions: Our study suggests that the higher number of CECs in patients with type 2 diabetes may reflect ongoing vascular injury that is not directly dependent on glucose control.
Introduction
Diabetes mellitus has become increasingly prevalent over the past several decades owing to the advancing age of the population, a substantially increased prevalence of obesity, and decreased physical activity, all of which have been attributed to a western lifestyle. Diabetes mellitus is associated with an increased risk of cardiovascular disease, including atherosclerosis. The clinical severity of vascular complications in diabetes has in part been attributed to endothelial injury and dysfunction [1] . Exposure of endothelial cells to elevated glucose levels causes glucose oxidation, resulting in the generation of excess reactive oxygen species (ROS) in endothelial cells. A reduction in antioxidant reserves has been attributed to endothelial cell dysfunction in diabetes, even in patients with well-controlled glucose levels [2] [3] [4] . Hyperglycaemia-mediated local formation of ROS is considered to be the major factor contributing to endothelial dysfunction, including abnormalities in cell cycling [4] and delayed replication [5, 6] , and these abnormalities can be reversed by exogenous antioxidant agents [7, 8] as well as an increased expression of antioxidant enzymes [9] . Hyperglycaemia has been demonstrated to stimulate the induction of apoptosis in endothelial cells by a mechanism that involves the generation of ROS and superoxide anion formation [10] . Moreover, high glucose conditions have been shown to facilitate the susceptibility of various serum proteins to oxidation, which contributes to the inhibition of endothelial cell proliferation [11] .
In normal individuals, the number of circulating endothelial cells (CECs) is low. The number is markedly increased in conditions associated with a high degree of endothelial cell injury, such as myocardial infarction [12] , sickle cell crisis [13] , thrombotic thrombocytopenic purpura [14] , Behçet's disease [15] , active systemic lupus erythematosus [16] , active cytomegalovirus [17] , antineutrophil cytoplasmic antibody-associated small vessel vasculitis [18] and Rickettsia conorii infection [19] . Although there is no real proof that CECs correlate with the extent of endothelial damage, it is clear that several pathological situations associated with endothelial damage are also associated with high levels of CECs.
We have previously shown that human microvascular endothelial cells, when exposed to high glucose concentrations, manifest an increase in apoptosis [20] . We therefore hypothesised that hyperglycaemia-mediated oxidative stress results in endothelial cell injury and that this may be reflected by a concurrent increase in CECs. Elevation of CECs has been reported to be an ex vivo indicator of vascular injury, and their number seems to vary according to the extent of endothelial injury [21, 22] . We examined the levels of CECs in subjects with type 2 diabetes mellitus and in normal subjects. We further attempted to correlate these findings with the levels of HbA 1 c).
Methods
Patients and controls Following protocol approval by the human subject review boards of New York Medical College and the Westchester Medical Center, peripheral blood samples were collected from diabetic patients (n=25) and non-diabetic volunteer control subjects (n=9). All subjects gave informed consent. Inclusion criteria for the diabetic group were previous diagnosis of type 2 diabetes, objective documentation of chronic hyperglycaemia with HbA 1 c of 6% or greater at the time of diagnosis, 18 years of age or above, and any gender or race. Control group inclusion criteria were good general health, no significant past medical history, 18 years of age or above, documented normal fasting blood glucose, and any gender or race. Exclusion criteria for both groups included uncontrolled hypertension (BP >140/90), LDL greater than 130 mg/dl, active inflammatory/infectious process, history of atherosclerosis (i.e. coronary artery disease, peripheral vascular disease or carotid artery disease), history of stroke, creatinine greater than 2 mg/dl, malignancy and smoking. Additional exclusion criteria for the control group included glucose intolerance (i.e. fasting blood sugar above 110 mg/dl) and past medical history of diabetes.
Isolation and measurement of CECs To identify endothelial cells, we used two different methods and compared the results. In the first method, we used immunomagnetic beads to detect endothelial cells. Monodispersed magnetisable particles (Dynabeads, CELLection Pan Mouse IgG kit) were obtained from Dynal (Lake Success, NY, USA). Dynabeads are 45-μm-diameter polystyrene beads coated with affinity-purified pan anti-mouse immunoglobulin G 1 covalently bound to the surface. The beads were washed according to the manufacturer's instructions using a strong magnet (MPC6; Dynal) to remove sodium azide. Typically, 100 μl of bead suspension is then non-covalently coated with 10 μg/ml CD-146 antibody (Novus Biologicals, Littleton, CO, USA). CD-146 is expressed almost exclusively in mature endothelial cells with the exception of some tumour cell lines [23, 24] .
The second method used Ulex europaeus 1 (UEA-1), which is a lectin that specifically binds to endothelial cells. In this method, 1 ml of CD-146-extracted cell suspension was incubated with 10 μl Ulex (1:1,000) for 2 h at room temperature. An aliquot of this suspension was placed on a slide, and endothelial cells were visualised by fluorescence microscopy.
Blood samples were obtained as follows. Peripheral blood (15 ml) was obtained with a 21-G butterfly needle and the first 7.5 ml was discarded. It has been previously demonstrated that these measures are sufficient to avoid any influence of venipuncture or arterial vs venous sampling, and that diurnal variations can be excluded [24] . Of the remaining sample, 2 ml of blood was diluted with 2 ml of phosphate-buffered saline, 0.1% bovine serum albumin sodium azide, and 20 μl Fc receptor (FcR) blocking agent (Miltenyi, Gladbach, Germany), and incubated with 100 μl anti-CD146-coated beads (1.4×10 8 coated beads/ml) for 30 min at 4°C in a Dynal mixer at 50 rpm. Cells bound to anti-CD146-coupled beads were separated from blood in a Dynal magnet, washed (three washings using PBS-BSA 0.1% and repetitive mixing for 5 min in the Dynal mixer at 4°C), dissolved in 100 μl buffer, mixed with acridine, and counted in a Nageotte chamber (Brand, Wertheim, Germany). To serve as positive controls, various concentrations of fresh HUVECs were diluted in blood from healthy volunteers. Recovery was in the range of 89-93% with excellent preservation of cell morphology.
The following steps were taken to prevent non-specific binding of leucocytes to Dynabeads. The cell suspension was flushed vigorously through a 20-μl pipette tip, and citrate was added to the buffer with an FcR blocking agent. Side-by-side assays were performed with M-450 Dynabeads coated with human antibodies against mouse IgG, but without anti-endothelial antibody to check for nonspecific binding to Dynabeads. Cells were identified on the basis of morphology and adherence to beads alone, so that concurrent immunocytochemistry was not necessary. Analysis was done using an inverted and upright epifluorescent Olympus IX 81 microscope with motorised stage and a Nageotte haemocytometer for quantitation.
Endothelial cells are larger than blood cells, are about 20-50 μm in diameter, and have a well-delineated round or oval cell shape. Our criteria required that endothelial cells had at least ten beads attached. Cells with less than ten beads were counted only if they had a well-preserved and recognisable morphology (i.e. clear nucleus with a well-delimited cytoplasm and a size that corresponds to endothelial cells) and if the concentration of beads over the endothelial cells was more than the surrounding field. These cells were also stained by anti-von Willebrand factor VIII antibody [25] . For aggregates, the number of cells was deduced from the number of nuclei or from the number of spherical rosetted features discriminated in the aggregate. Numeration of endothelial cells was confirmed by counting performed in parallel to cells stained with UEA-1 and acridine.
Statistical analysis Statistical significance between the experimental groups was determined by ANOVA analysis; p<0.05 was considered statistically significant. The data are presented as means ± SE.
Results
We examined the effect of diabetes mellitus on endothelial cell sloughing in 25 diabetic patients and nine non-diabetic Fig. 2 The numbers of CECs in control or in diabetic donors were measured as described in "Methods." The number of CECs increased significantly in diabetic donors (p<0.001) relative to controls. CECs were isolated by magnetic beads with CD-146 antibody from normal donors or patients with diabetes. Control experiments using human umbilical vein endothelial cells are described in Table 2 . Endothelial cells were detected using immunobeads as described in text control subjects. Subject characteristics are summarised in Table 1 . Glucose levels in diabetic patients studied were between 150 and 320 mg/dl. Diabetic patients were on a variety of medications, with the majority on ACE inhibitors and statins in addition to oral hypoglycaemic agents and/or insulin. We have used a reproducible method for isolating CECs using immunomagnetic beads coated with CD-146 (specific antibodies for human endothelial cells) or by using UEA-1, a fluorescent lectin that specifically binds to endothelial cells. Parallel counting using both methods was identical. Figure 1 (Table 2) , confirming the efficiency of the standardised methods used.
As seen in Fig. 2 , patients with diabetes had a significantly elevated number of CECs (mean 69±30 cells/ ml, range 35-126) compared with healthy controls (mean 10±5 cells/ml, range 3-18) (p<0.001). Regression analysis demonstrated no significant difference between levels of HbA 1 c and the number of CECs (Fig. 3) . There was, however, a trend towards higher numbers of CECs in patients with a higher BMI (Fig. 4) . As seen in Fig. 5a , there is no correlation between the number of CECs and age. Similarly, plotting the number of CECs against gender also demonstrated no significant association (Fig. 5b ).
Discussion
The current study demonstrates a clear increase in CECs in patients with type 2 diabetes mellitus compared with normal control subjects. At this time, we are unable to ascertain what proportion of these cells are mechanically disrupted or apoptotic vascular endothelial cells and what proportion represent matured progenitor cells capable of expressing CD146 antibody. Prior work has demonstrated that stemcell-derived circulating endothelial progenitor cells are decreased in patients with abnormal flow-mediated brachial vasodilatation and in patients with high Framingham risk scores [26] . Similarly, a decrease in the number of circulating endothelial progenitor cells has been reported in patients with risk factors for coronary artery disease [27] . Both of these studies suggest that the majority of cells documented in type 2 diabetics are products of endothelial cell sloughing rather than representing an increase in progenitor cells. Future studies aimed at determining the origin of CECs in type 2 diabetics by means of flow cytometry may serve to confirm this. Several possible mechanisms may result in an increase in endothelial cell sloughing. Hyperglycaemia has been observed to increase superoxide anion levels in endothelial cells [28] . Superoxide anion exerts a vasoconstrictive effect through the conversion of nitric oxide to peroxynitrite, thereby consuming the endogenous vasodilator in the vasculature [28, 29] . Glucose exposure results in an increase in O 2 − , an increase in activation of cyclo-oxygenase-2 and an increase in the levels of angiotensin II [3, 4, 6, 30] .
Angiotensin II has been shown to increase endothelial cell death, an effect that is reversed by increased haem oxygenase-1 gene expression [20, 31] . Inhibition of haem oxygenase activity has been shown to exacerbate both the inflammatory response in the arterial wall and to enhance endothelial cell death and the expression of adhesion molecules in animal models of atherosclerosis [32] . Therefore, a hyperglycaemia-mediated increase in angiotensin II can be a possible mechanism by which glucose increases endothelial cell sloughing, either directly or via glycated oxidants. It has been suggested that this kind of mechanism plays a key role in the development of atherosclerosis [33] .
What is intriguing is that the extent of the increase in CECs in our study does not appear to directly correlate with the level of HbA 1 c despite its occurrence in patients who present with hyperglycaemia. We noted a trend towards an increase in the number of CECs in patients with higher BMI; however, the small sample size precludes the assignment of statistical significance to this observation. A recent report documenting a disturbed antioxidant defence mechanism associated with insulin resistance may support a hypothesis that insulin resistance rather than hyperglycaemia per se is primarily responsible for the increase in number of CECs in type 2 diabetics [30] . This is supported by a previous observation that endothelium-dependent vasodilatation is impaired in normal volunteers subjected to more than 4 h of euglycaemic hyperinsulinaemia, an effect that is reversed by vitamin C [34] . Future studies in patients with type 1 diabetes mellitus as well as correlation of the number CECs with insulin levels in a larger cohort of patients with type 2 diabetes mellitus would serve to further address this hypothesis.
In summary, we have demonstrated that there is an increase in the number of CECs in patients with diabetes mellitus as compared with normal controls. This increase may be a contributing factor in the vascular pathology of the disease. Although related to the presence of elevated glucose levels, the extent of endothelial cell sloughing does not appear to be related to the severity of the hyperglycaemia. The increased number of CECs in type 2 diabetics provides direct evidence of endothelial injury and may be useful in the exploration of the vascular effects of diabetes mellitus. Future studies aimed at precisely distinguishing cell origin, identifying the mechanism by which they are generated, and associating their presence or absence with clinical endpoints may help to further define the vascular pathophysiology of patients with diabetes.
